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Available online 30 December 2015AbstractDensity, viscosity and speed of sound of three binary liquid systems: N-methylformamide (N-MFA) with carboxylic acids
(ethanoic acid, propanoic acid and butanoic acid) have been determined at T ¼ (303.15e318.15) K over the entire composition
range. These experimental data have been used to calculate the excess volume (VE), excess isentropic compressibility (ks
E), de-
viation in viscosity (Dh) and excess Gibbs free energy of activation of viscous flow (G*E). The variations of these properties with
composition of binary mixtures suggest loss of dipolar association, difference in size and shape of the component molecules,
dipoleedipole interactions and hydrogen bonding between unlike molecules. The viscosity data have been correlated with
Grunberg and Nissan, Katti and Chaudhri, and Hind et al. equations and the results are compared with the experimental results. The
excess parameters have been fitted to the RedlicheKister polynomial equation using multi parametric nonlinear regression analysis
to derive the binary coefficients and to estimate the standard deviation.
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It is well known that the velocity of small amplitude
ultrasonic waves in a medium is a physical property of
the medium and a study of the variation of the
ultrasonic velocity, under varying conditions, provides
valuable information about the microscopic structure
and packing of the constituent molecules in the* Corresponding author.
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m.chandrashekar@gmail.com (M.C. Shekar).
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the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/medium. Experimental values of the viscosity of the
pure liquids and their mixtures are needed for design of
chemical processes where heat and mass transfer and
fluid mechanics are important. The study of changes of
thermodynamic properties of mixtures and their degree
of deviations from ideality has been found to be an
excellent qualitative and quantitative way to obtain
information about molecular structure and intermo-
lecular forces in liquid mixtures. This has given
impetus to the theoretical and experimentaln behalf of University of Kerbala. This is an open access article under
4.0/).
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liquid mixtures [1,2]. The accurate measurement of the
energy changes due to scattering can be used to study
the dynamic behavior of liquids [3].
The present investigation is a continuation of our
earlier research [4e8] on thermodynamic properties
of binary liquid mixtures. The liquids are chosen in
the present study on the basis of their industrial
importance. N-methylformamide is used in various
organic syntheses with some applications as a highly
polar solvent. Carboxylic acids are important chem-
icals used in a variety of industrial applications such
as separation processes, manufacture of pharmaceu-
tical products, cleaning agents, food and beverages as
an acidulant, the manufacture of polyester resins,
pharmaceutical and chemical industries [9,10]. The
aim of the present study is to analyze the disruption
of self association in ethanoic acid, propanoic acid
and butanoic acid and the breaking of dipoleedipole
interactions of N-methylformamide along with the
interaction between the carbonyl group of N-meth-
ylformamide and the eCOOH group of ethanoic acid,
propanoic acid and butanoic acid respectively. The
present paper reports the excess volume (VE), excess
isentropic compressibility (ks
E), deviation in viscosity
(Dh) and excess Gibbs free energy of activation of
viscous flow (G*E) for the binary mixtures of N-
methylformamide with carboxylic acid at
T ¼ (303.15e318.15) K. A survey of the literature
has shown that thermodynamic properties of binary
containing N-methylformamide with (C1eC10) alka-
nols [2], N-methylformamide with water/methanol/
ethanol [11] and o-toluidine, tetrahydropyran were
reported earlier [12]. To our best of knowledge, no
study on excess volume (VE), excess isentropic
compressibility (ks
E), deviation in viscosity (Dh) and
excess Gibbs free energy of activation of viscous flow
(G*E) for the binary mixtures of N-methylformamide
with carboxylic acid at T ¼ (303.15e318.15) K.
Changes in these parameters with composition of the
mixtures are helpful in understanding the nature and
extent of the molecular interactions between unlike
molecules.Table 1
-Provenance and purity of the materials used.
Chemicals CAS number Source
N-methylformamide 123-39-7 Sigma Aldrich, India
Ehanoic acid 71-36-3 S.D. Fine Chemicals, I
Propanoic acid 78-92-2 S.D. Fine Chemicals, I
Butanoic acid 78-83-1 S.D. Fine Chemicals, I2. Experimental
All the chemicals (A.R. grade) were used in the
present work supplied by S.D. Fine Chem. Ltd., India.
The purities of all the chemicals as follows: N-meth-
ylformamide (Sigma Aldrich) (99.0%), Ehanoic acid
(99.0%), Propanoic acid (99.0%) and Butanoic acid
(99.0%). The mole fraction purities of the purified
liquids as determined by gas chromatography are N-
methylformamide (0.9970), Ehanoic acid (0.9965),
Propanoic acid (0.9960) and Butanoic acid (0.9970).
Moreover, name of the chemical, source, CAS number,
purity in mass fraction and water content of the
component liquids are given in Table 1. The purity of
all these solvents are compared with the measured
density, speed of sound and viscosity of the pure liq-
uids with the literature [13e20] and these are given in
Table 2.
All the binary liquid mixtures are prepared by
weighing an amount of pure liquids in an electric
balance (ER-120A, Afoset, and India) with a precision
of þ0.1 mg by syringing each component into air-tight
stopper bottles to minimize evaporation losses. The
uncertainty of the mole fraction is ±1$104. After
mixing the sample, the bubble free homogenous sam-
ple is transferred into the U-tube of the densimeter
through a syringe. The density measurements were
performed with a Rudolph Research Analytical digital
densimeter (DDH-2911 Model), equipped with a built-
in solid-state thermostat and a resident program with
accuracy of temperature is ±0.03 K. The uncertainty of
density measurement for liquid mixtures is
±2$103 g cm3 and the uncertainty of temperature
±0.01 K, Proper calibrations at each temperature were
achieved with doubly distilled, deionized water and
with air as standards. The viscosities of pure liquids
and their mixtures were determined at atmospheric
pressure and at T ¼ (303.15e318.15) K by using an
Ubbelohde viscometer, which was calibrated with
benzene, carbon tetrachloride, acetonitrile, and doubly
distilled water. The Ubbelohde viscometer bulb has a
capacity of 15 ml and the capillary tube has a length of






Densities, speed of sounds and viscosities data of pure components at different temperatures and p ¼ 0.1 MPa.
Component Density (r/g cm3) Viscosity, (h/mPa s) Speed of sound, (u/m s1)
Experimental Literature Experimental Literature Experimental Literature CP J K
1 mol1
N-methylformamide
303.15 K 0.99464 0.9946 [13] 1.5852 1.5859 [13] 1408.5 124.95 [19]
308.15 K 0.99033 0.9903 [13] 1.4621 1.4627 [13] 1398.2 1400.6 [14] 126.05 [19]
313.15 K 0.98614 0.9861 [13] 1.3515 1.3520 [13] 1382.5 e
318.15 K 0.98204 0.9820 [13] 1.2552 1.2557 [13] 1365.8 1369.0 [14]
Ethanoic acid
303.15 K 1.03832 1.0383 [15] 0.982 0.980 [15] 1173.5 1174.0 [18] 101.0 [18]
308.15 K 1.03246 1.0325 [15] 0.914 0.910 [15] 1163.8 e
313.15 K 1.02712 1.0271 [15] 0.863 0.860 [15] 1155.8 1152.0 [18] 107.67 [18]
318.15 K 1.02161 1.0213 [17] 0.822 0.7667 [17] 1149.2 e
Propanoic acid
303.15 K 0.98505 0.9850 [15] 0.962 0.960 [15] 1158.6 1156.0 [18] 118.6 [18]
308.15 K 0.97945 0.9795 [15] 0.896 0.890 [15] 1122.5 e
313.15 K 0.97432 0.9743 [15] 0.843 0.840 [15] 1098.2 1101.0 [18] 122.4 [18]
318.15 K 0.96922 0.9666 [17] 0.798 0.7412 [17] 1079.8 e
Butanoic acid
303.15 K 0.94792 0.94794 [16] 1.3852 e 1155.7 1158.2 [16] 178.7 [20]
308.15 K 0.94293 0.94292 [16] 1.2421 1.2421 [17] 1138.6 1139.6 [16] 180.3 [20]
313.15 K 0.93792 0.93805 [16] 1.0992 e 1125.6 1121.3 [16] 182.0 [20]
318.15 K 0.93395 0.93350 [17] 0.9562 0.9562 [17] 1109.3 e
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dried, filled with the sample liquid by fitting the
viscometer to about 30 from the vertical and its limbs
are closed with Teflon caps to avoid the evaporation.
The viscometer was kept in a transparent walled bath
with a thermal stability of ±0.01 K for about 20 min to
obtain thermal equilibrium. An electronic digital
stopwatch with an uncertainty of ±0.01 s was used for
flow time measurements. The experimental uncertainty
of viscosity estimated as ±0.5 mPa s and the uncer-
tainty of temperature ±0.1 K. A multi frequency ul-
trasonic interferometer (M-82 Model, Mittal
Enterprise, New Delhi, India) operated at 2 MHz, is
used to measure the speed of sound, of the binary
liquid mixtures at T ¼ (303.15 Ke318.15) K by using
a digital constant temperature water bath. The uncer-
tainty in the measurement of speed of sound is ±0.3%
and the uncertainty of temperature ±0.1 K. The
working of the interferometer is tested by making
measurements for pure samples of benzene, toluene,
chloroform, chlorobenzene and acetone and the
measured speeds of sound of these liquids is in good
agreement with those reported in the literature [21].
3. Results and discussion
The experimental values of density (r), viscosity
(h) and speed of sound (u) of the binary liquidmixtures of N-methylformamide with carboxylic acids
at temperatures T ¼ (303.15e318.15) K are given in
Table 3.
The excess volume (VE) is calculated from the




cm3$mol1 ¼ ½x1M1 þ x2M2=r ½x1M1=r1
þ x2М 2=r2 ð1Þ
where x1 and x2 are the mole fractions of N-methyl-
formamide with 2-alkoxyethanols respectively; M1 and
M2 and r1 and r2 are the molecular weights and den-
sities of components 1 and 2 respectively and r is the
density of the mixture.
A vital role is played by sign and magnitude of
excess values in assessing the molecular rearrangement
as a result of molecular interaction between the
component molecules in the liquid mixtures. An ex-
amination of curves in the Fig. 1 suggests that for all
the binary systems are negative over the entire
composition range at T ¼ (303.15e318.15) K and at-
mospheric pressure. The observed trend of variation of
excess volume [22,23] may be explained in terms of
two opposing effects, (i) breaking of molecular order
on mixing and the difference in molecular size between
components of liquid mixture, and (ii) packing of large
sized molecules leading to interstitial voids that may
Table 3
Density (r), Viscosity (h) and speed of sound (u) of binary liquid mixtures of N-methyl formamide with carboxylic acid at temperatures
T ¼ (303.15e318.15) K.
Density (r) g cm3 Viscosity(h)/mPa s Speed of sound (u) m s1
N-methylformamide þ ethanoic acid
x1 303.15 K 308.15 K 313.15 K 318.15 K 303.15 K 308.15 K 313.15 K 318.15 K 303.15 K 308.15 K 313.15 K 318.15 K
0.0000 1.03832 1.03246 1.02712 1.02161 0.9820 0.9140 0.8630 0.8220 1173.5 1163.8 1155.8 1149.2
0.1097 1.03434 1.02874 1.02362 1.01838 1.0441 0.9723 0.9175 0.8728 1198.1 1188.7 1180.4 1173.2
0.1830 1.03153 1.02606 1.02104 1.01591 1.0863 1.0113 0.9534 0.9059 1214.9 1205.3 1196.6 1188.9
0.2628 1.02829 1.02297 1.01804 1.01302 1.1321 1.0538 0.9920 0.9409 1233.3 1223.4 1214.2 1205.8
0.3502 1.02468 1.01946 1.01464 1.00974 1.1830 1.1001 1.0334 0.9780 1253.4 1243.4 1233.5 1224.3
0.4802 1.01905 1.01403 1.00933 1.00461 1.2589 1.1694 1.0953 1.0329 1283.8 1273.6 1262.7 1252.2
0.5897 1.01415 1.00930 1.00475 1.00018 1.3241 1.2283 1.1477 1.0797 1309.6 1299.5 1287.7 1276.2
0.6693 1.01053 1.00582 1.00134 0.99686 1.3721 1.2722 1.1865 1.1140 1328.5 1318.5 1306.2 1294.0
0.7549 1.00656 1.00197 0.99761 0.99326 1.4255 1.3200 1.2291 1.1511 1349.0 1339.1 1326.3 1313.2
0.8961 0.99982 0.99545 0.99121 0.98705 1.5169 1.4020 1.3007 1.2129 1383.1 1373.2 1359.2 1344.3
1.0000 0.99464 0.99033 0.98614 0.98204 1.5852 1.4621 1.3515 1.2552 1408.5 1398.2 1382.5 1365.8
N-methylformamide þ propanoic acid
x1 303.15 K 308.15 K 313.15 K 318.15 K 303.15 K 308.15 K 313.15 K 318.15 K 303.15 K 308.15 K 313.15 K 318.15 K
0.0000 0.98505 0.97945 0.97432 0.96922 0.9620 0.8960 0.8430 0.7980 1158.6 1122.5 1098.2 1079.8
0.1115 0.98652 0.98109 0.97613 0.97118 1.0254 0.9555 0.8989 0.8503 1178.5 1143.4 1119.6 1101.3
0.1858 0.98747 0.98212 0.97722 0.97234 1.0688 0.9958 0.9358 0.8846 1192.5 1158.3 1134.5 1116.2
0.2665 0.98842 0.98318 0.97833 0.97351 1.1163 1.0393 0.9757 0.9214 1208.4 1175.1 1151.5 1133.1
0.3545 0.98941 0.98426 0.97948 0.97474 1.1689 1.0875 1.0191 0.9605 1226.7 1194.6 1171.2 1152.8
0.4849 0.99073 0.98573 0.98106 0.97644 1.2477 1.1591 1.0835 1.0187 1255.8 1226.0 1203.3 1184.8
0.5942 0.99171 0.98687 0.98231 0.97782 1.3151 1.2203 1.1383 1.0681 1282.3 1255.1 1233.3 1215.0
0.6734 0.99238 0.98767 0.98319 0.97879 1.3649 1.2651 1.1787 1.1038 1302.9 1278.2 1257.3 1239.1
0.7583 0.99304 0.98846 0.98408 0.97977 1.4196 1.3148 1.2227 1.1430 1326.8 1305.1 1285.3 1267.6
0.8978 0.99405 0.98965 0.98542 0.98126 1.5136 1.3994 1.2975 1.2092 1371.0 1355.4 1337.8 1320.9
1.0000 0.99464 0.99033 0.98614 0.98204 1.5852 1.4621 1.3515 1.2552 1408.5 1398.2 1382.5 1365.8
N-methylformamide þ butanoic acid
x1 303.15 K 308.15 K 313.15 K 318.15 K 303.15 K 308.15 K 313.15 K 318.15 K 303.15 K 308.15 K 313.15 K 318.15 K
0.0000 0.94792 0.94293 0.93792 0.93395 1.3852 1.2421 1.0992 0.9562 1155.7 1138.6 1125.6 1109.3
0.1187 0.95205 0.94716 0.94227 0.93837 1.4147 1.2747 1.1357 0.9979 1190.1 1174.1 1162.3 1147.0
0.1967 0.95494 0.95012 0.94526 0.94133 1.4343 1.2958 1.1592 1.0243 1212.1 1196.1 1183.9 1168.4
0.2806 0.95819 0.95339 0.94858 0.94465 1.4547 1.3175 1.1832 1.0517 1235.2 1218.9 1205.8 1189.6
0.3708 0.96187 0.95711 0.95236 0.94839 1.4756 1.3402 1.2084 1.0803 1259.3 1242.9 1228.7 1211.8
0.5026 0.96755 0.96286 0.95820 0.95422 1.5036 1.3703 1.2424 1.1200 1293.2 1277.5 1263.9 1247.3
0.6111 0.97258 0.96798 0.96341 0.95942 1.5238 1.3930 1.2688 1.1518 1319.9 1306.1 1292.2 1275.1
0.6888 0.97641 0.97189 0.96740 0.96342 1.5371 1.4080 1.2865 1.1738 1338.4 1326.4 1313.6 1297.3
0.7711 0.98072 0.97629 0.97191 0.96791 1.5503 1.4231 1.3049 1.1968 1357.4 1347.5 1336.0 1320.7
0.9041 0.98843 0.98410 0.97987 0.97585 1.5705 1.4467 1.3337 1.2331 1387.3 1379.2 1367.7 1353.1
1.0000 0.99464 0.99033 0.98614 0.98204 1.5852 1.4621 1.3515 1.2552 1408.5 1398.2 1382.5 1365.8
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as well as hydrogen bonds between unlike molecules.
However, the actual volume change depends upon the
relative strength of these two effects. Mixing of N-
methylformamide with monocarboxylic acids may
induce mutual dissociation of the hydrogen-bonded
structures present in pure liquids with subsequent for-
mation of new hydrogen bonds (C]O$$$$$$HOe)
between carbonyl (C]O) group of N-methyl-
formamide and hydroxyl group of carboxylic acid in
liquid mixtures [24,25]. The small negative values of
excess volume in butanoic acid þ N-methylformamide
mixtures indicates weak interaction [26] betweencomponents of the mixture, may be due to increase in
size of the alkyl group in butanoic acid as affected by
the steric factor. Increase in number of methyl group in
butanoic acid restricts closer approach of N-methyl-
formamide and therefore, butanoic acid molecules are
increasingly hindered due to switching mechanism
[27] resulting in negative values of VE.
The magnitude of relatively stronger interaction in
response to the variation of VE with N-methyl-
formamide as common component increases in the
order:
Ethanoicacid < Propanoicacid < Butanoicacid:
Fig. 2. Curves of excess isentropic compressibility (kS
E) with mole
fraction for the binary. mixtures of N-methylformamide þ butanoic
acid (-), propanoic acid (C) and ethanoic acid (:) at 303.15 K.
Fig. 1. Curves of excess molar volume (VE) with mole fraction for
the binary mixtures of. N-methylformamide þ butanoic acid (-),
propanoic acid (C) and ethanoic acid (:) at 303.15 K.
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hydrogen bond formation decrease between unlike
molecules may be due to the decrease in dissociation
of the carboxylic acid molecules. Hence the above
order is justified. The influence of temperature on the
VE for the systems containing carboxylic acid mole-
cules slightly more negative with increasing
temperature.
From the experimental speeds of sound of the bi-
nary mixtures, the excess isentropic compressibilities
(ks
E) are calculated as:
kEs ¼ ks  kids ð2Þ
where, ks is isentropic compressibility and is calculated
using Laplace relation,
ks ¼ 1u2r ð3Þ
where, ks
id is the ideal value of the isentropic

























Where 4i, Cp;i, Vi, ks;i and ai are the volume fraction,
molar heat capacity, molar volume, isentropic
compressibility and coefficient of isobaric thermal










Excess isentropic compressibility (ks
E) data for the
mixtures of N-methylformamide with carboxylic acids
is graphically depicted in Fig. 2 and suggests that for
all the binary systems is negative over the entire
composition range at T ¼ (303.15e318.15) K and at-
mospheric pressure.
The negative values of ks
E indicate that the liquid
mixture is less compressible than the pure liquids
forming the complex and molecules in the mixture are
more tightly bound than in pure liquids. This corrob-
orates the presence of relatively stronger molecular
interaction, possibly through hydrogen bonding [29,30]
between unlike molecules. This is in accordance with
the view proposed by Fort and Moore [31] according to
which liquids of different molecular size mix with
decrease in volume yielding negative ks
E values. A
negative trend in ks
E is also reported earlier for binary
mixtures of alkanols and alkanes [32].
The algebraic ks
E values fall in the order.
Ethanoicacid < Propanoicacid < Butanoicacid:
The results shown in Fig. 2 indicate that the dipo-
leedipole interactions decreases from acetic acid to
butanoic acid may be due to decrease in their polar-
ities, respectively [33]. Hence above order is justified.
The negative values of ks
E increase with increasing
temperature, which suggests that specific interactions
15R. Balaji et al. / Karbala International Journal of Modern Science 2 (2016) 10e19increase due to the enhanced thermal energy. Comelli
et al. [34] have also reported similar behavior for ks
E.
From the experimental viscosity data (h) of the






where h and hi are viscosities of the mixture and the
pure compounds respectively
The sign and magnitude of Dh depend on the
combined effect of the factors such as molecular size,
shape and intermolecular forces. The data presented in
Fig. 3 reveal that deviation in viscosity is positive for
all the binary systems over the entire composition
range, which suggests the presence of strong inter-
molecular interaction. This further supports the mo-
lecular association through Hydrogen bonding between
unlike molecules as suggested earlier by other workers
[35,36]. The positive values of deviation in viscosity
increase with the increase in temperature in all these
systems.
Excess Gibbs energy of activation of viscous flow
(G*E) for the mixtures of N-methylformamide with










where v and h are the molar volume and dynamic vis-
cosity of the mixtures respectively andxi,Vi and hi are
the mole fraction, molar volume and dynamic viscosityFig. 3. Curves of deviation in viscosity (Dh) with mole fraction for
the binary mixtures of N-methylformamide þ butanoic acid (-),
propanoic acid (C) and ethanoic acid (:) at 303.15 K.of the pure components respectively. R is the gas con-
stant and T the absolute temperature. The excess Gibbs
energy of activation of viscous flow for all the binary
systems is presented in Fig. 4. The values of the G*E are
positive for all the binary systems suggests that the
presence of a specific interaction such as the formation
of heteroassociated molecules between unlike
molecules.
The variation of VE, ks
E and Dh with mole fraction




a0 þ a1ðx1  x2Þ þ a2ðx1  x2Þ2

 ð8Þ
where YE is the VE or ks
E or Dh. The values of a0, a1 and
a2 are the coefficients of the polynomial equation and
the corresponding standard deviations (s) obtained by
the method of least - squares with equal weights
assigned to each point are calculated. The standard








where n is the total number of experimental points and
m is the number of coefficients. The values of a0, a1 and
a2 which are the coefficients determined by multiple-
regression analysis on the least square method and
summarized along with the standard deviations between
the experimental and fitted values of VE, ks
E, and Dh are
presented in Table 4.
From these experimental values of density (r) and
speed of sound (u) is used to calculate the values of
acoustic impedance (Z) and intermolecular free lengthFig. 4. Excess Gibbs energy of activation of viscous flow (G*E) with
mole fraction (x1) of N-methylformamide þ butanoic acid (-),
propanoic acid (C) and ethanoic acid (:) at 303.15 K.
Table 4
-Coefficients of Redlich e Kister equation and standard deviation (s) values.
Binary mixtures Functions A1 A2 A3 s
303.15 K
N-methylformamide þ ethanoic acid VE/cm3 mol1 0.455 0.042 0.075 0.001




E/TPa1 40.78 4.125 0.018 0.051
N-methylformamide þ propanoic acid VE/cm3 mol1 0.429 0.038 0.006 0.001
Dh/mPa s 0.087 0.005 0.009 0.001
ks
E/TPa1 39.12 4.188 5.162 0.016
N-methylformamide þ butanoic acid VE/cm3 mol1 0.406 0.041 0.087 0.001
Dh/mPa s 0.084 0.001 0.029 0.001
ks
E/TPa1 37.34 1.539 10.86 0.001
308.15 K
N-methylformamide þ ethanoic acid VE/cm3 mol1 0.474 0.038 0.141 0.001
Dh/mPa s 0.094 0.004 0.012 0.001
ks
E/TPa1 42.20 4.321 6.797 0.023
N-methylformamide þ propanoic acid VE/cm3 mol1 0.452 0.032 0.054 0.001
Dh/mPa s 0.091 0.003 0.005 0.001
ks
E/TPa1 40.81 3.370 0.121 0.050
N-methylformamide þ butanoic acid VE/cm3 mol1 0.427 0.037 0.027 0.001
Dh/mPa s 0.087 0.001 0.010 0.001
ks
E/TPa1 39.23 1.378 5.514 0.001
313.15 K
N-methylformamide þ ethanoic acid VE/cm3 mol1 0.499 0.044 0.181 0.001
Dh/mPa s 0.097 0.003 0.026 0.001
ks
E/TPa1 43.85 4.242 14.35 0.001
N-methylformamide þ propanoic acid VE/cm3 mol1 0.471 0.041 0.124 0.001
Dh/mPa s 0.094 0.003 0.017 0.001
ks
E/TPa1 42.23 3.553 6.703 0.019
N-methylformamide þ butanoic acid VE/cm3 mol1 0.442 0.035 0.041 0.001
Dh/mPa s 0.091 0.003 0.005 0.001
ks
E/TPa1 40.77 1.026 0.819 0.001
318.15 K
N-methylformamide þ ethanoic acid VE/cm3 mol1 0.521 0.052 0.244 0.001
Dh/mPa s 0.102 0.002 0.034 0.001
ks
E/TPa1 45.72 3.480 19.66 0.001
N-methylformamide þ propanoic acid VE/cm3 mol1 0.492 0.041 0.173 0.001
Dh/mPa s 0.097 0.002 0.026 0.001
ks
E/TPa1 43.88 3.457 14.27 0.068
N-methylformamide þ butanoic acid VE/cm3 mol1 0.457 0.046 0.116 0.001
Dh/mPa s 0.093 0.007 0.023 0.001
ks
E/TPa1 42.29 0.610 6.550 0.001
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help of the following relation:
YE ¼ Y ðx1Y1 þ x2Y2Þ ð10Þ
where YE is Du, DZ, and DLf.
An examination of data in Supplementary Table 5
suggests that Du values are positive for all binary
systems over the entire composition range at 303.15,
308.15, 313.15 and 318.15 K. Speed of sound depends
on intermolecular free length. Decrease in free length
leads to increase in speed of sound. Positive deviation
indicates that the predominant effect in the mixture isstructure making property and the resulting expansion
and the speed of sound through the mixture will be
slow. It also suggests weak interactions between unlike
molecules. An examination of data in Supplementary
Table 5 suggests that DZ values are positive for all
binary systems over the entire composition range at
303.15, 308.15, 313.15 and 318.15 K. In the present
investigation, the positive deviation in acoustic
impedance indicates that the hydrogen bond is formed
between the unlike molecules dominates over that of
the rupture of hydrogen bond between like molecules
in liquid mixtures at T ¼ (303.15e318.15) K. The free
17R. Balaji et al. / Karbala International Journal of Modern Science 2 (2016) 10e19length is the distance between the surfaces of the
neighboring molecules. It is used to study the nature
and strength of molecular interactions. The excess
intermolecular free length is negative for all the binary
mixtures at T ¼ (303.15e318.15) K. The negative
deviation of the intermolecular free length indicates the
presence of a strong intermolecular interaction be-
tween unlike molecules in mixtures is dominant over
the breaking of dipolar interactions between like
molecules in the mixture.
Knowledge of the viscosity of pure liquids and
respective mixtures and study of the viscosity calculation
methods are important for practical and theoretical
purposes [38,39]. In the present work, three typical semi-
empirical relations are used to correlate the experimental
viscosity data of the investigated binary systems.
Grunberg-Nissan proposed the following empirical
equation [40].
lnh¼ x1 lnh1 þ x2 lnh2 þ x1x2d12 ð11Þ
where d12 may be regarded as a parameter proportional
to the interchange energy and also an approximate
measure of the strength of the interaction between the
components.
Katti and Chaudhri equation takes the form [41].
lnhV¼ x1 lnV1h1 þ x2 lnV2h2 þ x1x2Wvis=RT ð12Þ
where Wvis/RT is an interaction term.
Hind et al. [42], proposed the following equation
h¼ x21h1 þ x22h2 þ 2x1x2H12 ð13Þ
where H12 is the Hind interaction parameter and is
attributed to unlike pair interactions.
The one-parameter equation due to Tamura and
Kurata [43] gave the equation of the form
h¼ x1f1h1 þ x2f2h2 þ 2ðx1x2f1f2Þ1=2T12 ð14Þ
where F1 and F2 are the volume fractions of compo-
nents 1 and 2, respectively, T12 is Tamura and Kurata
constant. Where F1 and F2 are the volume fractions of
components 1 and 2, respectively, and T12 is the Tamura
and Kurata constant.
Heric and Brewer [44] derived the following
equation
lnh¼ x1 lnh1 þ x2 lnh2 þ x1 lnM1 þ x2 lnM2
 lnððx1M1 þ x2M2Þ2x1x2D12Þ
ð15Þ
where D12 is the interaction term and other symbols
have their usual meaning.From Supplementary Table 6, the interaction
parameter d12 is positive for binary systems. Fort and
Moore [45] reported that for any binary liquid mixture,
a positive value of d12 indicates the presence of specific
interactions and a negative value of d12 indicates the
presence of weak interactions between the unlike
molecules. The values of d12 are positive for all binary
systems indicating the presence of specific interaction
between the two components of the binary mixtures.
The positive values of d12 increase with increasing
temperature in all the binary systems, showing that the
interactions between the components increase with
increase in temperature. Interaction parameter
Wvis=RT shows almost the same trend as that of d12.
In fact, one could say that the parameters d12 and
Wvis=RT exhibit almost similar behavior, which is not
unlikely in view of logarithmic nature of both equa-
tions. The values of interaction parameters Tamara and
Kurata (T12) and Hind et al. (H12) do not differ
appreciably from each other. This is in agreement with
the view put forward by Fort and Moore [45] in regard
to the nature of parameters T12 and H12.
4. Conclusion
This paper reports experimental data of densities,
speeds of sound and viscosities of N-methylformamide
with carboxylic acids over the entire range of mole
fraction at 303.15 K, 308.15 K, 313.15 K, and
318.15 K with 5 K interval. The values of the pure
components generally agree with the available litera-
ture data. The experimental values were used to
compute the excess molar volume, excess isentropic
compressibility, deviation in viscosity and excess
Gibbs energy of activation of viscous flow at
T ¼ (303.15e318.15) K. The excess molar volume,
excess isentropic compressibility and deviation in
viscosity were fitted with Redlich e Kister polynomial
equation. The negative values of VE and ks
E related to
the packing effect and strong hydrogen bonding be-
tween unlike molecules in binary liquid mixtures. The
positive values of deviation in viscosity and excess
Gibbs energy of activation of viscous flow was ob-
tained for all studied mixtures that indicated the strong
interaction between unlike molecules.Appendix A. Supplementary data
Supplementary data related to this article can be
found at http://dx.doi.org/10.1016/j.kijoms.2015.12.001.
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